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MODIS Polarization-Sensitivity Analysis

Jun-Qiang Sun and Xiaoxiong Xiong

Abstract—The Moderate Resolution Imaging Spectroradiome-
ter (MODIS) is one of the primary instruments in the Earth
Observing System (EOS). Currently, MODIS instruments are
onboard the NASA EOS Terra and Aqua spacecraft launched
in December 1999 and May 2002, respectively. The MODIS re-
flective solar bands (RSBs) are sensitive to the polarization of
incident light, particularly for the visible bands. To derive ac-
curate top-of-the-atmosphere radiances, it is essential to know
the polarization sensitivity, characterized by a polarization factor
and phase angle, of the instruments. From prelaunch polarization
sensitivity measurements, the polarization factors and phase an-
gles for all visible and near-infrared bands of both instruments
are derived, analyzed, and compared. The polarization factors
are wavelength, angle of incidence on the MODIS scan mirror,
and detector-dependent. For Terra MODIS, they are also mirror-
side-dependent. The 412-nm band has the largest polarization
factor, which is about 0.04 for both instruments. The polarization
factors of all other bands are either smaller than or close to
0.02, which is the polarization requirement for the MODIS RSB
whose wavelengths are longer than 412 nm. The unexpected one-,
three-, and four-cycle anomalies observed in the measurements
are analyzed. These anomalies are shown to be likely due to the
nonuniformity of the light source and the retro-reflected light
from the MODIS optical system. Their impacts on the derived
polarization parameters are estimated and discussed.

Index Terms—Moderate Resolution Imaging Spectroradiome-
ter (MODIS), polarization, reflective solar bands (RSBs).

I. INTRODUCTION

HE MODERATE Resolution Imaging Spectroradiometer

(MODIS) is a cross-track scanning radiometer [1]-[3].
Currently, MODIS instruments are operated onboard the Terra
spacecraft, launched on December 18, 1999, and the Aqua
spacecraft, launched on May 4, 2002 [4]. MODIS has 36 spec-
tral bands, of which 20 are the reflective solar bands (RSBs)
covering the wavelength range from 0.4-2.1 ym. MODIS views
the entire Earth surface approximately daily via a two-side
scan mirror that provides a swath of 2330 km cross track by
10 km along track (at nadir) each scan. It monitors the
Earth—atmosphere system through visible and infrared mea-
surements. MODIS data are used to study the oceans, atmo-
sphere, and land [5]-[8].

The RSB are calibrated on-orbit through the use of an
onboard solar-diffuser (SD) panel (made of Spectralon), the
Moon, and an onboard spectroradiometric calibration assembly
[9]-[13]. The light used in these calibrations is unpolarized,
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while the sunlight reflected from the Earth—atmosphere system
may be strongly polarized [14], [15]. Since the MODIS RSBs
are sensitive to the polarization of the incident light [16],
the calibration coefficients derived from the calibrations
using the unpolarized light may not be accurate for polarized
incident light. The polarization specification is 0.02 for all
MODIS RSBs except band 8, which has the shortest wave-
length, 412 nm, among all MODIS bands. The polarization
effect for band 8 was expected to be much stronger compared
to other RSBs, and hence, no specification was designed. Con-
sidering that the calibration specification of the MODIS RSBs
is 2% in reflectance, it is essential to know the polarization sen-
sitivity of the instrument and correct the effect in the measured
top-of-atmosphere radiances [17], [18].

MODIS polarization sensitivity was measured by Santa
Barbara Remote Sensing (SBRS) using a polarization source
assembly (PSA) as a source of polarized light [19]. The
data were analyzed by both the SBRS and the MODIS
Characterization Support Team at NASA/GSFC [16], [20].
A ray-tracing model has also been developed to simulate the
MODIS polarization properties [21]. The measured data show
that there are unexpected one-, three-, and four-cycle features
in addition to the expected two-cycle variation when the plane
of polarization rotates through 360°. The four-cycle anomaly
is primarily due to the retro-reflectance of the focal-plane
assemblies (FPAs) [16], [22]. In this paper, it is demonstrated
that the one- and three-cycle anomalies are likely induced by
the nonuniformity of the light source. It is also shown that the
four-cycle anomaly is very sensitive to the filter used in the
measurements. In Section II, we give a brief theoretical
description of MODIS polarization analysis. In Section III,
we analyze the data and derive the polarization parameters.
We also analyze and discuss the impact of the nonuniformity
of the light source and the retro-reflectance of the MODIS
optical elements on the derived parameters. In Section IV, we
analyze the derived parameters and compare the polarization
performance of the two instruments on Terra and Aqua.

II. THEORY
A. Polarization Formulism

Let E; and E,, be two electric-field components of light
incident on an optical element in directions s and p which
are perpendicular to each other and form a right-handed local
coordinate system with light traveling along vector k as de-
scribed in Fig. 1. The vector s is perpendicular to the plane
of incidence. Then, the Jones vector for incident light can be

expressed as [23]
Es
== (z) 2
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Fig. 1. Local coordinate system and polarization angle.

and the intensity of the light can be written as
I=EE 2)

where E' is the conjugate transpose of E. We can also define
a local coordinate system for outgoing light using outgoing
traveling direction k/, s’ =s, and p’ =k’ x s, as shown in Fig. 1,
and express the outgoing light in the coordinate system as

r_ Es’
E = <Ep/)' 3

The components of the incident and outgoing light on reflection
or refraction can be connected by a 2-D Jones matrix u, given
by

E =uE. 4)

The matrix is determined by the optical property of the surface
and could be complex.

For any optical instrument, there are usually several mirrors,
lens, filters, and other elements along the optical path from
the incident port to the detectors on its focal planes. However,
we can still connect the incident light and the light that finally
reaches the detectors by a 2-D Jones matrix, i.e.,

E = UE 5)
where U is a product of Jones matrices of all individual
elements and the matrices, which transform the vector from
the outgoing local coordinate system of the previous element
to the incident local coordinate system of the next element,
in a sequential order. The intensity of the light reaching the
detectors on the instrument’s focal planes is given by

I' = E'ME (6)
where

M =U'U (7)

is a 2-D Hermitian matrix. For linear polarized light, (1)

becomes
[ cos(a)
E= (sin(a) ) E ®)

where E' is the amplitude of the electric vector, « is the angle
between the direction of the electronic field, and vector s in the
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local coordinate system, as shown in Fig. 1. Substituting (8)
into (6), we can get

I'=hI{l+acos[2(a+d)]} )

according to Appendix A, where h, a, and J are transmittance,
polarization factor, and polarization phase angle, respectively,
of the optical system. With a constant intensity of the incident
light, the power, finally reaching the detectors on the focal plane
of the instrument, varies with the polarization angle, and a is the
relative amplitude of this change.

For a light with random phase and electric-field direction in
the plane perpendicular to the traveling direction, we can write

I’:hI/D(a){1+acos[2(a+(5)]}da (10)

where D(«) is the probability of the light’s electric field vibrat-
ing along the direction described by polarization angle o. When
D(«) is a constant, the light is unpolarized, such as sunlight.
When D(«) is not a constant, we can always find the direction
along which D(«) has a maximum value. The symbol p is used
to denote the angle between this direction and the vector s in
the local coordinate formed by vectors s, p, and k, as described
in Fig. 1. Let us assume that D(«) is symmetric with respect to
the maximum direction. Replacing o by o’ + u, (10) becomes

I’:hI/D(o/+u){1+acos 2(a + i+ 8)]} do’
:h[/D(o/—l—,u){l—i—acos (2a’) cos [2 (p + 0)]
—asin (2a/)sin [2 (p + 0)]} do’

:h[/D(a'—l—,u){l—i—acos (2a’) cos [2 (p + )]} do’

=h{I+a(l) — I)cos[2 (u+ 6)]} (11)
where
I :I/D(o/ + 1) cos*(a)da/ (12)
I :I/D(o/ + p) sin? (o )da/ (13)

are the total intensity of the light projected in the maximum di-
rection and that in the direction perpendicular to the maximum
direction, respectively. If we define

L1

f I

(14)

which measures the polarization of the incident light and is,
hereafter, referred to as the scene polarization factor, (11) can
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Fig.2. Schematic diagram for MODIS polarization-sensitivity measurements.

be further rewritten as

I'=hI{1+ facos[2(u—+9)]}. (15)

B. MODIS Polarization-Analysis Algorithms

Both Terra and Aqua MODIS polarization-sensitivity mea-
surements were made with a PSA at SBRS [15]. The PSA
provides a full-aperture polarized source to MODIS. By ro-
tating the Ahrens polarizer prism, the polarization direction
varies from 0° to 360°. Fig. 2 is a schematic diagram of the
measurement. Let Epga be the polarized light produced by the
PSA. In the local coordinate system of the MODIS scan mirror,
Epga can be expressed as

sin(«) (16)

Epsa = Epsa(a) (cos(a))
where « is the angle between the polarization direction and the
vector s, which is approximately along the rotation axis of the
scan mirror, and Epga () is the magnitude of Epga, which
may vary with the polarization direction due to the nonunifor-
mity of the Ahrens polarizer prism and spatial nonuniformity of
the light source or other reasons.

From the data collected for both Terra and Aqua MODIS po-
larization sensitivity characterization, an unexpected so-called
four-cycle anomaly has been found in near-infrared (NIR)
bands. The anomaly was explained as the multiple passes
between the PSA and the MODIS focal-plane filters [16], [22].
In the next section, it will be shown that the anomaly also
depends on the filter placed between the PSA and the scan
mirror of the MODIS.

Let E,.q be the retro-reflected light, reflected by any surface
of any optical elements including the focal planes in the optical
path and then reflected by the prism. We can always connect
E..q and Epga by a Jones matrix V, which is a function of the
optical parameters of the Ahrens prism, the filter, the optical
elements in between, and distances among all the involved
elements, such that

Ereﬂ = VEPSA- (17)

Since only the component along the direction of Epga can
pass through the Ahrens polarizer prism, the light which is
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reflected by the focal planes (or other optical elements) and
finally becomes part of the output of the polarizer is

= (o) 2 (5

=@M®$mmvcmw>mm.<m

sin(a)

Assuming that the light reflected by the focal planes (or other
optical elements) more than once is negligible, the total incident
light on the MODIS scan mirror can be expressed as

cos(w)
sin(«)

E = |1+ (cos(a) sin(a))V( HEPSA. (19)

Substituting (19) into (6), the light intensity reaching a
detector on the MODIS focal planes can be expressed as

I'(@) =w(a)Ebg, MEpsa

=hlpsa(@)w(a) {1 +acos[2(a+ )]} (20)
where use has been made of (9)
Ipsa(a) = Epgp (@) Epsa(a) 1)

w(a) = 1+(cos(a)sin(a))V<C98(a)>]2. (22)

sin(a)
According to Appendix B, w(«) can be rewritten as

w(a)= by {1+ by cos [2(a+ 71)]+ by cos [4(a+ )]} (23)

where by, b1, 71, ba, and 7o are functions of the optical proper-
ties of the elements involved in the production of E,.q.
From (20) and (23), we have

I'(a) = I'(r + ) 24)

if Ipga (o) does not vary with polarization direction. However,
the measured MODIS response to the polarized light shows
that this is not always the case. In fact, a one-cycle oscillation
has been clearly observed in both Aqua and Terra MODIS
polarization-sensitivity measurements. In the next section, it
is shown that a three-cycle oscillation is also observed in the
measurements. As aforementioned, this might be induced by
the nonuniformity of the polarizer prism or other mechanical
reasons.
We can always express Ipga (<) as Fourier series

IPSA(a) ZIPSA{l-f—ZCiCOS [i(Oé-i-Ui)]} 25)

where Ipga is the averaged value of Ipga(a) and ¢; and o;
are parameters of the PSA and the experimental setup. Then,
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TABLE 1
MODIS VIS AND NIR BANDS
Number ) Center .
Band of R;ﬁjﬂgg n Wavelength Ba&i‘q";'th FPA
Detectors (nm)
1 40 250m 645 50 NIR
2 40 250m 858 35 NIR
3 20 500m 469 20 VIS
4 20 500m 555 20 VIS
8 10 1km 412 15 VIS
9 10 1km 443 10 VIS
10 10 1km 488 10 VIS
11 10 1km 531 10 VIS
12 10 1km 551 10 VIS
13 10 1km 667 10 NIR
14 10 1km 678 10 NIR
15 10 1km 748 10 NIR
16 10 1km 869 15 NIR
17 10 1km 905 30 NIR
18 10 1km 936 10 NIR
19 10 1km 940 50 NIR

substituting (23) and (25) into (20), we get

I'(a) = hboIpsa {1 + Z ¢; cos [i(a + Ji)]}

X {1+ by cos [2(a + 71 )] + ba cos [4(a + T2)]}
x {1+ acos[2(a+0)]}. (26)

Table I lists the wavelengths and other specified information
of all MODIS visible (VIS) and NIR bands. Since optical
properties of an optical system are wavelength-dependent, all
the parameters in (26) are band-dependent. The detectors of
each band are distributed on an array along the track direction.
The optical paths of these detectors are slightly different. Thus,
the parameters in (26) are also detector-dependent. In addition,
they are functions of the mirror side and angle of incidence
(AOI), on which the reflectance of the scan mirror depends.
Therefore, the at-detector signal can be written as

SBDMG (Oé)

= GBDMBIESA {1 —|—ZchM9cos [z (oz—|—alBDM0)]}
i>0

x {1 + bBPMO o5 [2 (aJrTlBDMeﬂ
+bQBDMe cos [4 (aJrTQBDMH)}}

x {1+ aPPMO cos [2 (a + 6BPMO)]} 27)
where B is the band number, D is the detector number, M
is the scan-mirror side, 6 is the scan-mirror AOI, If?s A 1s the
light intensity at the wavelength of band B, and GZPM? is the
gain of the detector D of band B with mirror-side M at AOI
of 6. Equation (27) will be used to fit the data of the MODIS
polarization-sensitivity measurements.

When (27) is applied to fit the measured MODIS responses
to the polarized light, we can only get one set of amplitude
and phase angle for the two-cycle oscillation. We cannot deter-
mine each individual contribution of the polarization effect, the
nonuniformity of the light source, and the retro-reflected light
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to the two-cycle oscillation. The fitted amplitude and phase
angle is the total effect of the three sources. From (27), it is
seen that the odd-cycle oscillations can only come from the
nonuniformity of the light source. Thus, ¢cZPM¢ and cBpM 0
can be determined from the measured responses. With them,
we can estimate cZP? and, then, the uncertainty of the fitted
polarization factor a®PM? due to the nonuniformity of the light
source. We can also determine bZP*? with an approximation
that cFPM? is negligible from the four-cycle oscillation of
the measured responses. Similarly, we can estimate bPDPM?¢
from bZPM9 and, then, the uncertainty of the fitted-polarization

factor a®PM9 due to the retro-reflected light.

C. Polarization Correction to MODIS Earth-View (EV)
Reflectance and Radiance

The MODIS RSB primary product is the EV reflectance

pEy cos(fry) = mq dnEdeEfs (28)
where pgy is the Earth-scene bidirectional-reflectance factor,
0wy is the solar-illumination angle of the Earth scene, dnjy; is
the Earth-scene digital response with correction for background
signal, instrumental temperature effect, and sensor response
versus scan angle, dg_g is the Earth—Sun distance at the time of
the measurement in units of AU, and m; is a calibration-scaling
factor determined on orbit using the onboard SD [5].

The SD is considered to provide a nonpolarized light source
for MODIS RSB calibration. Thus, (28) is valid only when the
EV light is nonpolarized. According to (15), (28) should be
modified and rewritten as

[pEV cos(0ev)] 115
cpl(B,D,]W7 9)

PEV COS(QE\/) = (29)

where
¢ (B, D, M, 6) = 14 aPPM? f cos [2(u + 65PM0)]  (30)

is the polarization-correction factor, and [pgy cos(0ry)|L15 is
the MODIS L1B EV reflectance. The scene polarization factor
f and the polarization angle ;. depend on the wavelength of the
band and vary with geolocation and the observation geometry.

III. MODIS POLARIZATION-SENSITIVITY ANALYSIS
A. Data Sets and Selection

Terra and Aqua MODIS polarization sensitivities were mea-
sured by SBRS. The measurements were done at five scan
angles (—45°, —22.5°,0°,22.5°, and 45°) for both instruments,
25 polarization angles (—180°, —165°, —150°, —135°, —120°,
—105°, —90°, =75°, —60°, —45°, —30° —15°,0°, 15°, 30°, 45°,
60°, 75°, 90°,105°,120°,135°,150°,165°, and 180°) for
Aqua, and 13 polarization angles (180°, —150°, —120°,
—90°, —60°, —30°,0°, 30°, 60°,90°, 120°, 150°, and 180°) for
Terra. The scan angle w of the MODIS EV varies from —55° to
55° and is related to the AOI of the scan mirror 6 by

0 = (w+ 76°)/2. 31)
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Fig. 3. Aquaband I response to PSA light in one scan.
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Fig. 4. MODIS band-averaged polarization response (dn). For the data mea-
sured with filter SSF2, bands 10-16 are saturated.

Fig. 3 illustrates the response of the detectors of Aqua band 1
to the PSA light, which shows that the light source has a limited
size. The MODIS frame (1-km sample) number F is related to
the scan angle by

w = 110F/1353 — 55° (32)
where I starts from zero and ends at 1353. The data shown in
Fig. 3 were measured at the scan angle of —45°. This means
that the real frame number for the center of the image in Fig. 3
is 123 according to (32). The frame number in the plot is the
relative frame number. From the image, it is seen that end
detectors have fewer frames viewing the PSA light and may
have larger uncertainties in the polarization parameters derived
from these data. SPPMP(q) is obtained by averaging over
the response of the frames (1-km sample), which views the
light source, subframes (250- or 500-m samples), and scans of
mirror-side M.

During the MODIS polarization-sensitivity measurements, a
neutral density filter was placed between the PSA and the scan
mirror of the MODIS, as shown in Fig. 2. Two filters, SSF1
and SSF2, with different transmittances were alternatively used
in the measurements. Fig. 4 shows the band-averaged response
(averaged over detectors, subframes, mirror sides, frames, and
polarization angles) for both instruments. The averaged re-
sponse measured with filter SSF2 are much larger than those
obtained with filter SSF1 as expected. The former are saturated
for bands 10-16, while the latter are too small for bands 14
and 17-19. Thus, the data measured with filter SSF2 are applied
to derive polarization parameters for bands 1-4, 8-9, and 17-19
while those observed with filter SSF1 are used for bands 10-16.
The polarization parameters for bands 8 and 9 can also be
derived from the data measured with SSF1, but the derived
parameters should have larger uncertainties.
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Fig. 5. Aqua MODIS band 1 dn versus polarization angle.

B. Nonuniformity of the Light Source

The SBPMP(q) obtained from the data measured with SSF1
for Aqua band 1 mirror-side 1 at § = 15.5° (corresponding to
scan angle of —45°) is shown in Fig. 5. A one-cycle oscillation
is clearly seen in this plot. This one-cycle phenomenon is also
observed in all other bands. The nonuniformity of the light
provided by the PSA light can induce the one-cycle oscillation.
They can also induce three-cycle phenomenon and may have
contributions to the two- and four-cycle oscillation, which
cannot be separated from those contributed by the polarization
of the instrument and the retro-reflection of the optical system
as aforementioned. From (27), we get

SBDJ\IH (Oé)
SBDMO (o 1 1)

I+ ¥ CFDM9(a)/ 1+ CiBDM"(a)]
B i=1.3,... i=24,...
1-— CBDPM6 () 1+ CBDPM6 ()
i=1,3,... i=2,4,...
1+ CBDMO ()
i=13,...
~ > 33
1— CEDMO (o) (33)
=13,
where
CEPMO(q) = BPMO cos [i (a + o PPMO)] . (34)

The ratio defined in the left side of (33) is not sensitive
to even-order oscillations and shows odd-cycle oscillations.
Fig. 6 shows SBPMY(q)/SBPMY (o 4 1) for Aqua band 1.
It is clearly seen that there is a nonnegligible three-cycle
oscillation besides the one-cycle oscillation. By fitting (33) to
measured data with a least mean-square-fit approach, we can
derive c{g DM8 gapd csB DM for all bands, detectors, mirror sides,
and the five AOIs of the scan mirror.

The derived one-cycle factor cZPM? and three-cycle factor
cBPMOY at = —45°(0 = 15.5°) for the two instruments are
shown in Figs. 7 and 8, respectively. The factors for other
scan angles are also derived. The results show that these
factors are scan-angle-independent. The one- and three-cycle
oscillations cannot be produced by the polarization sensitivity
of the instruments and the retro-reflected light, as shown in
Section II. For Aqua, both ¢PPM9 and FPMY do not change
much with band and detector except band 8. They are about
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three-cycle oscillation only. Solid lines, ratio with both one- and three-cycle
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abscissa are MODIS band numbers. For each band, the first half of the data
plotted is for all detectors on mirror-side one, and the second half of the data is
for all detectors on mirror-side two.

0.02 and 0.005, respectively. With a simple linear assumption
for the decay of cPPM9 with index i, we can estimate c&DM?¢
to be 0.012. ¢FPMY could be smaller or larger depending on
the real nonuniformity of the light source. For Terra, both
cPPMO and cBpM 9 are smaller as compared to Aqua and are
spectral-dependent. Similarly, we can estimate the Terra factors
cBPMO o be around 0.007 for bands 8-10, 0.004 for bands
1-4 and 10-13, and 0.002 for the other bands. Due to this, the
nonuniformity of the light source may have an impact on the
derived polarization parameters as large as 0.012 for all Aqua
RSB and 0.007 for Terra bands 8—10, 0.004 for Terra bands 14

and 10-13, and 0.002 for other Terra RSB.

Having obtained cPPM% and cBPM0 we define
14+ Y cBPMOcos [i (o + o PPMO)]
i=1,3

Fig. 9 shows the y2PM? () obtained from the data measured
with SSF1 for Aqua band 1. It can be seen from the plot that the
one- and three-cycle oscillations have been removed, thereby
leaving only the two- and four-cycle oscillations.
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Fig. 10. Aqua MODIS band 1 dn with removal of one- and three-cycle
oscillations. The measurements were done with filter SSF1.

C. Four-Cycle Effect

Fig. 10 shows the y2PM% () obtained from the data mea-
sured with SSF2 for Aqua band 1 at § = 15.5°. There is a
strong four-cycle oscillation in the plot, which is believed to
be caused by the retro-reflected light of the focal plane [16].
The four-cycle oscillation in Fig. 9 is not apparent while that in
Fig. 10 has an amplitude half that of the amplitude of the two-
cycle oscillation. The only difference in the two measurements
is the filter, one with SSF1 while the other with SSF2. This
indicates that the four-cycle oscillation depends not only on the
retro-reflectance of the focal plane but also on the filter placed
between the PSA and the scan mirror of MODIS.

The retro-reflected light may contribute to the two-cycle
oscillation. However, we cannot separate its contribution from
the polarization of the instrument [22]. We have to ignore the
two-cycle oscillation term of the retro-reflected light when we
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Fig. 11. Four-cycle oscillation factors for both Aqua and Terra.

fit (27) to the measured responses. Then, from (27) and (35),
we can rewrite

yBDMe(Ot):GBDMHIF?SA{l-FbQBDMGCOS [4 (a_|_T2BDM6‘)]}

x {14 aPPM cos [2 (a4 65PMO)] ). (36)

By fitting (36) to y?PM%(q) obtained from (35) with least
mean square fit, we can derive bQBD M6 TQBD M6 BDMO and
§BDPMY for each set of B, D, M, and 6. From bZPM0 e
can estimate b?DM % and, then, the uncertainty of the fitted
polarization factor a®PM? due to the retro-reflected light.

Fig. 11 shows the obtained b5PM? for Aqua and Terra
MODIS RSB at w = —45°, 0°, and 45°. For both instruments,
the impact of the retro-reflected light on VIS bands is neg-
ligible. The remaining bands are NIR bands. Among them,
bands 1-2 and 16-19 for Aqua and bands 2 and 16 for Terra
have reasonably small impact (around 0.5%) due to the retro-
reflectance. According to Waluschka [22], the contribution
of the retro-reflectance to the two-cycle oscillation is much
smaller than its effect on the four-cycle oscillation. Then, for
bands 1-12 and 16-19 for Aqua and bands 2-12 and 16
for Terra, the impact of the retro-reflectance on their derived
polarization parameters can be considered negligible. The retro-
reflectance may bring nonnegligible contributions to the two-
cycle oscillation for Aqua bands 13-15 and Terra bands 1,
13-15, and 17-19. Because of this, these bands may have larger
uncertainties in their derived polarization parameters.

Fig. 12 compares the measured response of Aqua band 1 and
the simulated response for the band with the fitted parameters.
They match quite well. This is also true for all other bands.
Thus, (27) well describes the MODIS polarization-sensitivity
measurements.

IV. MODIS POLARIZATION PARAMETERS
A. Aqua

Fig. 13 shows the variations of the prelaunch measured
(and uncorrected) polarization factors a®PM? with the scan
angle for Aqua band 8. The results show the polarization
factors to be detector- and AOI-dependent but independent of
mirror side. The polarization factors are larger for larger AOI,
which correspond to larger frame numbers. The band-averaged
polarization factors for all MODIS VIS and NIR bands are
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Fig. 14. Band-averaged polarization factors for Aqua RSB.

presented in Fig. 14. Among these bands, band 8 has the largest
polarization factor. For most Aqua RSB, the polarization factors
are smaller than the polarization specification, 0.02, except
bands 18—19 at most AOI and bands 9, 16, and 17 at large AOL.
Considering that the uncertainty of the polarization factors due
to the nonuniformity of the light source is about 0.012, these
bands may still satisfy the polarization specification.

Figs. 15 and 16 show the polarization factors and phase an-
gles, respectively, for MODIS VIS and NIR bands at w = —45°,
0°, and 45°. No obvious mirror-side dependence is observed in
both parameters. This is consistent with the radiometric perfor-
mance of the Aqua RSB both prelaunch and on-orbit. However,
the parameters are detector-dependent, particularly for bands 2,
12, and 17-19. They vary continuously with the locations of
the detectors on the FPA. For each band, the detectors are
distributed along the track direction with the optical path of the
center detector most close to the optical axis of the instrument.
Thus, the optical paths are slightly detector-dependent. For
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lines are the factors derived from the measurements with filter SSF2 while
dashed lines are those done from the measurements with filter SSF1.

most bands, the polarization factors of the center detectors are
larger while those of edge detectors are smaller, particularly for
bands 2 and 17.

Fig. 17 shows the band-averaged polarization factors for
bands 8 and 9, which are derived from the measured data
with filter SSF1 and SSF2, separately. The solid lines are the
factors derived from the data measured with filter SSF2 while
the dashed lines are done using filter SSF1. The differences
between the corresponding solid and dashed lines show the
uncertainties of the parameters derived from different measure-
ments for these two bands. They are about 0.004 and 0.003 for
bands 8 and 9, respectively.
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B. Terra

Fig. 18 shows the variations of the polarization factors
aBPMO of Terra band 8 detectors with the scan angle. As with
the Aqua band 8 polarization factors shown in Fig. 15, the Terra
band 8 polarization factors depend on both detectors and the
AOI and are larger for larger AOIs. Unlike Aqua band 8, Terra
band 8 polarization factors are mirror-side-dependent. The dif-
ferences between the factors of the two mirror sides are small
at small AOI but increase with AOI. Fig. 19 shows the band-
averaged polarization factors for MODIS VIS and NIR bands.
Band 8 has the largest polarization factor among both Terra
and Aqua MODIS RSB. For most Terra RSB, the polarization
factors are smaller than the polarization specification except
band 9 and a few other bands at large AOlIs.

Figs. 20 and 21 show the polarization factors and phase an-
gles, respectively, for Terra MODIS VIS and NIR bands at w =
—45°,0°, and 45°. The mirror-side and detector dependence is
evident. The polarization factors for Terra change continuously
with the location of the detectors on their FPA. This result is
consistent with the one seen for Aqua. The polarization factors
for center detectors are not always larger than those for edge
detectors. Fig. 22 shows the band-averaged polarization factors
for bands 8 and 9, which are derived from the measured data
with filter SSF1 and SSF2, separately. The differences between
the factors derived from the two sets of data are much smaller
than those for Aqua. They are about 0.002 and 0.001 for bands
B8 and B9, respectively. This indicates that the uncertainties
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lines are the factors derived from the measurements with filter SSF2, while
dashed lines are those done from the measurements with filter SSF1.

of the factors due to the light source are smaller for Terra than
for Aqua.

C. Comparison and Discussion

Fig. 23 compares the polarization factors of the two in-
struments. They agree with each other reasonably well. The
differences for VIS and NIR bands are about 0.005 and 0.01,
respectively. For both instruments, the factors are largest for
band 8, which has the shortest wavelength among all the bands.
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Fig. 23. Comparison between Aqua and Terra polarization factors.
They decrease with increasing wavelength through 412-469 nm
and are relatively constant for bands with longer wavelength.
We have estimated the uncertainties in the derived polariza-
tion parameters due to the nonuniformity of the light source
and retro-reflected light according to the derived amplitudes of
the one-, three-, and four-cycle oscillations. The uncertainty
in the derived polarization factors due to the nonuniformity
of the light source is about 0.012 for all Terra RSB bands,
0.007 for Aqua bands 8-10, 0.004 for Aqua bands 1-4 and
10-13, and 0.002 for other Aqua bands. The uncertainty due
to the retro-reflected light may have a significant impact on the
quality of derived polarization parameters for the MODIS NIR
bands. Considering the MODIS RSB uncertainty in reflectance
is required to be less than 2% (desired to be much smaller
for ocean bands), the nonuniformity of the light source should
be reduced and the retro-reflected light should be controlled
to a level so as have negligible contribution to the two-cycle
oscillation. For future sensor-polarization characterization, the
PSA needs to be improved to provide uniform light, and the
measurement should be designed to avoid the retro-reflected
light. If the nonuniformity of the light source cannot be greatly
reduced, the variation of the light source with the polarization
direction should be monitored. The measured variation of the
light source with the polarization direction can be applied to
determine the contribution of the nonuniformity of the light
source to the two-cycle oscillation and, then, to distinguish the
contribution from the polarization effect.

V. CONCLUSION

The polarization performance of both Aqua and Terra
MODIS are analyzed using the prelaunch MODIS polarization-
sensitivity measurements. Polarization factors and phase angles
are derived for the VIS and NIR bands of both instruments.
The derived polarization parameters are band-, AOI-, and
detector-dependent. They are also mirror-side-dependent for
Terra RSBs. The unexpected one-, three-, and four-cycle anom-
alies are analyzed, and their impacts on the derived parameters
are discussed. For Aqua, the nonuniformity of the light source
may bring an uncertainty to the derived polarization factors as
large as 0.012. The retro-reflected light has also a nonnegligible
impact on the derived polarization factors for several RSBs.
The reduction of the nonuniformity of the light source and of
the retro-reflected light is very important in characterization
of a remote sensor’s polarization sensitivity. In general, the
polarization factors of the two instruments agree with each
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other. For both instruments, band 8 has the largest polarization
factor, about 0.04. The factors are smaller than 0.02 for all other
bands except for Terra band 9 and for Aqua bands 18-19. For
Terra band 9 and Aqua bands 18-19, the factors are about 0.028
and 0.027, respectively. These polarization measurements are
all prelaunch, and there is considerable evidence that the polar-
ization sensitivity of both sensors has changed since launch.

APPENDIX A
POLARIZATION EFFECT

The 2-D Hermitian matrix in (7) can always be expressed as
M =M; +iM, (A1)

where M; and M, are real 2-D symmetric and antisymmetric
matrices, respectively. Then, (6) can be rewritten as

I'=E'M,E +iE'M,E. (A2)
For a linear-polarized light
E— cos(a) > (A3)
~ \ sin(a)

it is easy to see that E'M,E is a real number. Then, we have

E'ME = (E'M,E)’

—E'M}E
= —~E'M,E. (A4)
This means that
E'M,E = 0. (A5)
Substituting (AS) into (A2), we get
I'=E'M,E. (A6)

Since M; is a real symmetric matrix, we can always find a
rotation matrix

(AT)

sin(d)

_ <cos(5) sng

—sin(6) )

where § describes the transformation among the two compo-
nents by the optical system, such that

1\/11:;5(Al O>T. (A8)

0 A

Here, T is the transpose of T, A;, and A, are eigenvalues of
M;, and the two columns in T are corresponding eigenvectors
of the matrix. Equation (A8) can be further expressed as

Mt (1 M= am (1
M, = 2( 0)+1 2T<O _01>T

5 (01 2
= (5 9) e (Sabn i) @
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where
AL+ A
po ALt A2 (A10)
2
is the averaged transmittance of the optical system and
A1 — A2
a= All
A1+ Ao ( )

describes the polarization property of the optical system. Sub-
stituting (A3) and (A9) into (A6), we get
I'=hE'E {1+ a [cos(20) (cos?(a) — sin®(av))
— 2sin(20) cos(a) sin(a)]}
=hI {1+ a[cos(20) cos(2c) — sin(20) sin(2a)] }
=hI{l+acos[2(a+0)]}. (A12)

APPENDIX B
RETRO-REFLECTED LIGHT EFFECT

Equation (22) can be rewritten as
w(a) = [1 + vy1 cos?(a) + (V12 + va1)
x cos(a) sin(a) 4 oo sin®(a)] ?

= [1+ (v11 4+ v22)/2 4 (11 — va2) cos(2a) /2

+ (12 + v21) sin(2a) /2] (B1)
where v11, V12, V21, and o5 are the elements of V. Let
go =1+ (V11 + 122)/2
q1 = (V11 — v22)/2
g2 = (V12 +v21) /2. (B2)

Then, (B1) can be expressed as

w(a) = (qo + q1 cos(2a) + go sin(2a))?
— & + ¢? cos*(20) + g sin?(20)
+ 2q0q1 cos(2a) + 2¢oqs sin(2a)
+ 2¢1g2 cos(2a) sin(2a)
=qp +47/2+ 43 /2 + (¢ — ¢3) cos(4a) /2
+ q1g2 sin(4a) 4+ 2qoq1 cos(2ar) + 2qpge sin(2a).
(B3)

From (B3), we can always determine a set of parameters, by, b1,
T1, ba, and 7o, and rewrite w(«) as

w(a) = by {1+ by cos[2(a + 71)] + bz cos [4(a + 72)]} .
(B4)
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